In polymer reinforced concrete, the Young's modulus of both polymers and cement matrix is responsible for the detrimental properties of the concrete, including compressive and tensile strength, as well as stiffness. A novel methodology for solving such problems is based on use of ionizing radiation, which has proven to be a good tool for improvement on physical and chemical properties of several materials including polymers, ceramics, and composites. In this work, particles of 0.85 mm and 2.80 mm obtained from waste tire were submitted at 250 kGy of gamma radiation in order to modify their physicochemical properties and then used as reinforcement in Portland cement concrete for improving mechanical properties. The results show diminution on mechanical properties in both kinds of concrete without (or with) irradiated tire particles with respect to plain concrete. Nevertheless such diminutions (from 2 to 16%) are compensated with the use of high concentration of waste tire particles (30%), which ensures that the concrete will not significantly increase the cost.
Introduction
The final disposal of used tires is a major environmental problem. In Mexico, it is estimated that only 10% of the 30 million disposed tires are recycled. The landfills where they are disposed represent a severe risk of fire and a health hazard due to the presence of noxious fauna such as rats, cockroaches, flies, and mosquitoes which can be infectious [1, 2] .
The most common method to dispose waste tires is to burn them for vapor, heat, or electricity [3, 4] . The usage of waste tires as alternative fuel in cement furnaces is generalized across the US and Europe [5] . However, these practices result in the generation of organic and inorganic compounds such as zinc oxide (ZnO) and zinc sulfide (ZnS), in hydrocarbon gas, aromatic volatile compounds, liquids formed by heavy and light oils, and all these byproducts which are highly polluting [6] .
Another approach for the application of waste tires includes hot bituminous mixes as pneumatic dust for the agglutinative modification in asphalt pavements [7] [8] [9] . This application has been more or less effective, but not enough for reducing the reserves of waste tires, since these novel technologies are more expensive than conventional methods 2 Advances in Materials Science and Engineering [10] . An alternative option is to use them as substitute of fine or coarse aggregate in concrete. Their characteristics can improve mechanical properties of concrete as strength and modulus of elasticity, instead of those achieved by sand or stone.
Concrete is one of the most important materials in the construction industry around the world, not only for its cost, but also for its properties as well as its readiness for forming before it hardens which include resistance to climate and durability, among others. However, concrete has a great impact in the environment, it requires great amounts of natural resources for its production (sand, gravel, and water), and the cement generation produces large amounts of carbon dioxide which is discharged in the atmosphere. In fact, it is estimated that cement industry is responsible for the emission of one million tons of CO 2 to the atmosphere [11] .
In order to reduce the ecological impact, many efforts have been made for reducing the consumption of nonrenewable resources in the production of concrete; one of these is the production or addition of recycled materials into the mixture in substitution of the common aggregates, taking care of the final quality, that include parameters as resistance, modulus of elasticity, and durability, among others [12] .
When adding particles to concrete formation, internal stresses are produced and they promote sooner cracking and subsequent failure, which can be avoided with the control of the particle sizes. Early studies pointed out that elastomeric particles can reduce propagation of cracks, show increment in tensile strength, and have capacity in energy absorption [13] .
One advantage of the rubber particles is concerning to energy absorption through to ultrasonic waves, in order to benefit the concrete elasticity. However, differences in the Young's modulus between rubber particles and concrete matrix, besides concentration of rubber particles into concrete, could promote great deformations when applying loads and thus progressive diminution of the mechanical properties. Other properties are concerning for concrete workability, including diminution of slump and increment of air content when increasing the elastomeric concentration, which promotes a low unit weight [14] .
The use of recycled materials ensures that the product will not significantly increase in cost because is considered as waste, and there is not a specific final use for it. However, recycling of tire rubber is a practice currently industrialized which need follow the current regulations and avoid the pollution caused by a wrong disposal [15, 16] .
The main aim of this study is the use of waste tire particles and gamma radiation for improvement of mechanical properties of concrete, which open several possibilities in research areas with great benefits, in order to ensure economic earnings in the context of sustainable development, by solving environmental pollution problems. The objective with the mix of these components was obtained 24.5 MPa in compression strength at 28 days of curing, according to ACI 211.1 standard. Moreover, it was added waste tire particles of different sizes in function of the availability of the commercial mesh (sieve). In this case, 20 and 7 meshes correspond to 0.85 mm and 2.80 mm, respectively; thus, we have an approximate waste particle size ratio of 1 : 3.
Experimental
Sieved of coarse aggregate (gravel) and fine aggregate (sand) was according to ASTMC136-06 standard. While the unit weight and the moisture content were according to ASTMC29/C29M-09 and ASTM C566-13, respectively, while the saturated surface-dry specific gravity, apparent specific gravity, and water absorption of gravel and sand were determined according to ASTM C127 and ASTM C128 standards.
Physical properties of the components are shown in Table 1 . The sieve analyses of fine and coarse aggregates are shown in Tables 2 and 3 .
Irradiation Procedure.
Irradiation at 250 kGy of two different waste tire particle sizes (0.85 mm and 2.8 mm) was performed with an irradiator Gammabeam 651-PT loaded with 60 Co pencils, located at the Institute of Nuclear Sciences (ICN) of the National Autonomous University of Mexico. The irradiation rate was 4 kGy/h. After that the irradiated particles were mixing with concrete components, and finally the mix was casting in molds.
Mechanical
Tests. Concrete specimens were tested after 28 days of curing time. Testing tolerance allowed was 28 days ± 12 hours according to ASTM C/192 M-00 standard. Compressive strength evaluation was carried out in a universal testing machine Controls 047H4 (Milano, Italy) with capacity of 2000 kN, while flexural strength was carried out in an flexural testing machine Elvec 72-4 with capacity of 10 kN. The pulse velocity evaluation was carried out with an ultrasonic pulse velocity tester Controls 58E0048 with transmitter and receiver head (54 kHz) and pulse rate of 1/s.
Mixing, Casting, and Curing Specimens.
The concrete mixtures were prepared in a laboratory mixer with capacity of 265 dm 3 . In the first stage dry aggregates (fine and coarse), waste tire particles, and cement were mixed with addition of 85% of water. In a second stage, after mixing by one minute, 15% of water was added. Finally, all batches were mixed for a total time of 5 minutes in order to prevent fresh concrete from segregation.
After mixing, the concrete specimens were molded. For each concrete mixture, ten specimens were casting in cylindrical molds of 150 mm diameter and 300 mm height, as well as two beams of 150 × 150 × 600 mm. After 24 hours, they were placed in a controlled temperature room at 23.0 ± 2.0 ∘ C and 95% of relative humidity. Cured process was performed in accordance with ASTM C511 standard.
The component concentrations of the concrete are shown in Table 4 . Regarding the manufactured concrete replacing sand by waste tire particles, two different waste tire particle sizes were used [2.8 mm (mesh 7) and 0.85 mm (mesh 20)], as The values for concrete with waste particles of 2.8 mm are higher than those with 0.85 mm. In fact the values decrease because waste tire particles are light, and since they have porous aggregates, air content is increased in concrete mixtures generating low unit weight. This fact agrees with a previous research in which the air content in concrete increases when using bigger rubber particles [17] .
In the case of concretes with irradiated waste tire particles, different behaviors are noted. When adding irradiated particles, the concrete shows a reduction in measures (contractions), which was observed during the calculus of volume. With higher particle sizes lower contractions were found in consequence lower unit weight.
Results

Compressive Strength.
Compressive strength values of concretes are shown in Figure 2 . The compressive strength values vary as a function of size and concentration of waste tire particles. For concrete with nonirradiated waste tire particles, the following behaviors are observed. (a) The values decrease progressively according to the particle concentrations which increase. For control concrete, the compressive strength is 24.1 MPa, which is bigger than those for all concrete (ranging from 5.2 to 21.4 MPa); being the highest value for concrete with 10% of particles of 2.8 mm, such value is 11% lower than those for control concrete. (b) With respect to the particle size, the compressive strength values are higher for concretes with particles of 2.8 mm than those with For concrete with irradiated waste tire particles, the splitting tensile strength also decreases when increasing the concentration of particles. The values range from 0.7 to 1.4 MPa; being the highest value for concrete with 10% of particles of 2.8 mm, it is 27% minor than those for control concrete. Moreover, higher values are seen for concrete with particles of 2.8 mm. As seen in Figure 1 for compressive strength values, in the case of tensile strength, a similar behavior is observed: the values for concrete with 20% or 30% of particles are higher than those for concrete with nonirradiated particles.
For both kinds of concrete, with irradiated or nonirradiated waste particles, the compressive and splitting tensile strength behavior is similar because the induced stresses Advances in Materials Science and Engineering Figure 5 . The highest value corresponds to control concrete, namely, 10.6 GPa. For concrete with nonirradiated waste tire particles, the values range from 5.0 to 8.9 GPa. The highest value (obtained by concrete with 10% of particles of 2.8 mm) is 16% minor with respect to control concrete. As other mechanical features discussed in previous sections, the modulus of elasticity values follows similar behaviors. For concrete with irradiated particles, modulus of elasticity values ranges from 6.4 to 7.8 GPa, which are higher than those for concrete with nonirradiated particles. Special attention is taken on these concretes because variations in the modulus of elasticity are observed. (a) Two "stages" are identified: the first one consists in a diminution of the values for concretes with 10% and 20% of particles, and the second consists in an increment for concrete with 30% of particles. conversely highest values for concretes with 20% or 30% of particles are done when using particle sizes of 2.8 mm.
Modulus of Elasticity. The modulus of elasticity values is shown in
According to mechanical concepts, there is a correlation between the compressive strength and the modulus of elasticity values [18] and also between modulus of elasticity and the unit weight. In both cases, waste particles contribute to higher deformations, lower crack formation, and lower unit weights in concrete, which results in lower modulus of elasticity. Figure 6 the ultrasonic pulse velocities of concrete are shown. The highest value corresponds to control concrete, namely, 3.5 km/s. For concrete with nonirradiated particles, the values range from 2.7 to 3.4 km/s; it means that the highest value is 2% minor with respect to control concrete. Moreover, the values follow the same behaviors. In the case of concrete with irradiated waste particles, the behavior does not change, and they follow the same behavior as concrete with nonirradiated particles.
Pulse Velocity. In
Conclusions
The mechanical properties of concrete depend on the waste tire particle sizes and their concentration. Compressive and tensile strength values decrease due to waste tire particles, because they promote stress concentration zones, as well as generation of tensile stresses into concrete, resulting in a fast cracking and soon failure. Nevertheless, when applying gamma radiation to waste tire particles, in some cases, improvements on mechanical properties are found. Even so, it seems that the best option is, in all cases, for concrete with 10% of nonirradiated waste tire particles and size of 2.8 mm. Concrete with irradiated particles can support up to 30% of tire particles, making it possible to reduce the final cost of the concrete.
